A1 (43) In.ern.tion.. PubUCion Date: 1 5 February 1996 (15.02.96) 



world I^^^EU^CTl 

lntc 




(51) International Patent Classification ° 
G01N 27/00, 27/26 



(21) m.rnat.onai AppUca.cn Number: PCT/US95/09492 
(^^rnat^nUngDate: 1 August 1995 (0.. 08.95) 



(30) Priority Data: 

08/283,769 



1 August 1994(01.08.94) 



US 



MU MR. NE, SN. TD, TG), AR1PO patent (KE, MW, SD, 
SZ, UG). 



SSwk Ridge. TN 37831-8243 (US). 

(72) Inventor, and RAMSEY. J., Michael 

(75) Inventor/AppUcant (for W o»W- J™*^ * TO 37922 
1 [US/US]; 733 Hampton Roads Drive, Knoxvuie, in 

(US). 
(US). 



Published 

With international search report. 



1 ( } AND SYNTHESIS 



I (57) Abstract 

A microchip loboratory system (10) and method 
nrovide Zto manipulations for a variety of appUca- 
K mcluding sample 

cal seoarations. The microchip is fabricated usmg san 
rpCtolithogxaphic procedures 

£ Sded'info a four-way intersection of channeU by 

STXce an analyte plug into the separauon channel 
(34). 




BEST WAILABLECO^ 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States 
applications under the PCT. 



AT 


Austria 


AU 


Australia 


BB 


Barbados 


BE 


Belgium 


BF 


Burkina Faso 


BG 


Bulgaria 


BJ 


Benin 


BR 


Brazil 


BY 


Belarus 


CA 


Canada 


CF 


Central African Republic 


CG 


Congo 


CH 


Switzerland 


a 


Cote d'lvoire 


CM 


Cameroon 


CN 


China 


CS 


Czechoslovak!* 


cz 


Czech Republic 


DE 


Germany 


DK 


Denmark 


ES 


Spain 


FI 


Finland 


FR 


France 


GA 


Gabon 



party to the PCT on the front pages 



GB 


United Kingdom 


GE 


Georgia 


GN 


Guinea 


GR 


Greece 


HU 


Hungary 


IE 


Ireland 


IT 


Italy 


JP 


Japan 


KE 


Kenya 


KG 


Kyrgystan 


KF 


Democratic People'i Republic 




of Korea 


KR 


Republic of Korea 


KZ 


Kazakhstan 


U 


Liechtenstein 


LK 


Sri Lanka 


LU 


Luxembourg 


LV 


Latvia 


MC 


Monaco 


MD 


Republic of Moldova 


MG 


Madagascar 


ML 


Mali 


MN 


Mongolia 



pamphlets publishing international 



MR 


Mauritania 


MW 


Malawi 


NE 


Niger 


NL 


Netherlands 


NO 


Norway 


NZ 


New Zealand 


PL 


Poland 


PT 


Portugal 


RO 


Romania 


RU 


Russian Federation 


SD 


Sudan 


SE 


Sweden 


SI 


Slovenia 


SK 


Slovakia 


SN 


Senegal 


TD 


Chad 


TG 


Togo 


TJ 


Tajikistan 


TT 


Trinidad and Tobago 


UA 


Ukraine 


US 


United States of Ame 


uz 


Uzbekistan 


VN 


Viet Nam 



WO 96/04547 



1 



PCMJS95W9492 
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FOR CHEMICAL ANALYSIS AND SYNTHESIS 
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sterns have not met with success. TM. is primarily because precise manipulation of 
tiny fluid volumes in extremely narrow channels has proven to be a difficult technological 

hUnUe One prominent field susceptible to miniaturization is capillary 

5 electrophoresis. Capillary electrophoresis ha. become a popular technique for separating 
charged molecular species in solution. The technique is performed in small capillary 
tubes to reduce band broadening effects due to thermal convection and hence improve 
resolving power. The small tubes imply that minute volumes of materials, on the order 
of nanoliters, must be handled to inject the sample into the separation capularyti.be. 

10 current techniques for injection include electromigration and sphomng of 

sample from a container into a continuous separation tube. Both of these techniques 
suffer from relatively poor reproducibility, and electromigration additionally suffers from 
dectrophoretic mobility-based bias. For both sampling techniques the input end of the 
analysis capillary tube must be transferred from a buffer reservoir to a reservoir holding 

15 the sample. Thus, a mechanical manipulation is involved. For the siphoning injection, 
the sample reservoir is raised above the buffer reservoir holding the exit end of the 
capillary for a fixed length of time. 

An dectromigration injection is effected by applying an appropnatdy 
polarized dectrical potential across the capillary tube for a given duration while the 

20 entrance end of the capillary is in the sample reservoir. This can lead to sampling bias 
because a disproportionatdy larger quantity of the species with higher dectrophorettc 
mobilities migrate into the tube. The capillary is removed from the ample reservoir and 
replaced into the entrance buffer reservoir after the injection duration for both 
techniques. 

25 A continuing need exists for methods and apparatuses which lead to 

improved dectrophoretic resolution and improved injection stability. 

The present invention provides microchip laboratory systems and 
30 methods that dlow complex biochemical and chemical procedures to be conducted on a 
n^ocbip under dectronic control. The microchip laboratory systems compnses a 
material handling apparatus that transports materials through a system of imerconnect^ 
mtegratedchanndsonamicrochip. The movement of the materids » preosdy directed 
by controlling the dectric fidds produced in the integrated channels. The precise control 
35 of the movement of such materials enables precise mixing, separation, and reaction as 
needed to implement a desired biochemical or chemicd procedure. 
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The microchip laboratory system of the present invention analyzes and/or 
synthesizes chemical materials in a precise and reproducible manner. The system 
includes a body having integrated channels connecting a plurality of reservoirs that store 
the chemical materials used in the chemical analysis or synthesis performed by the 

5 system. In one aspect, at least five of the reservoirs simultaneously have a controlled 
electrical potential, such that material from at least one of the reservoirs is transported 
through the channels toward at least one of the other reservoirs. The transportation of 
the material through the channels provides exposure to one or more selected chemical or 
physical environments, thereby resulting in the synthesis or analysts of the chemical 

10 material. 

The microchip laboratory system preferably also includes one or more 
intersections of integrated channels connecting three or more of the reservoirs. The 
laboratory system controls the electric fields produced in the channels in a manner that 
controls which materials in the reservoirs are transported through the intersection^). In 
15 one embodiment, the microchip laboratory system acts as a mixer or d'duter that 
combines materials in the intersection(s) by producing an electrical potential in the 
intersection that is less than the electrical potential at each of the two reservoirs from 
which the materials to be mixed originate. Alternatively, the laboratory system can act 
as a dispenser that electrokineticafly injects precise, controlled amounts of material 

20 through the intersection^). 

By simultaneously applying an electrical potential at each of at least five 
reservoirs, the microchip laboratory system can act as a complete system for perforating 
an entire chemical analysis or synthesis. The five or more reservoirs can be configured in 
a manner that enables the elcctrokinetic separation of a sample to be analyzed ("the 
25 analyte") which is then mixed with a reagent from a reagent reservoir. Alternatively, a 
chemical reaction of an analyte and a solvent can be performed first, and then the 
material resulting from the reaction can be elcctrokincticaUy separated. As such, the use 
of five or. more reservoirs provides an integrated laboratory system that can perform 
virtually any chemical analysis or synthesis. 
3Q i„ yet another aspect of the invention, the microchip laboratory system 

includes a double intersection formed by channels interconnecting at least six reservoirs. 
The first mterscction can be used to inject a precisely sized analyte plug into a separation 
channel toward a waste reservoir. The electrical potential at the second mterscction can 
be selected in a manner that provides additional control over the size of the analyte plug. 
35 In addition, the electrical potentials can be controlled in a manner that transports 
materials from the fifth and sixth reservoirs through the second inl.rrsection toward the 
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Figure 17(b) is an dectropherograni of rhodaraine B and fluorescein with 
a separation field strength of 15 kV/cm and a separation length of 1.6 mm; 

Figure 17(c) is an dectropherogiaro of rfe>damine B arid fluoresced with 
a separation field strength of 1 $ kV/cm and a separation length of 1 1 1 mm; 
5 Figure 18 is a graph showing variation of the number of plates per unit 

time as a function of the electric field strength for rhodaminc B at separation lengths of 
1.6 mm (circle) and 11.1 mm (square) and for fluorescein at separation lengths of 1.6 
mm (diamond) and 11.1 mm (triangle); 

Figure 19 shows a chromatogram of coumarins analyzed by 

10 electrochromatography using the system of Figure 12; 

Figure 20 shows a chromatogram of coumarins resulting from micellar 
electrokmetic capillary chromatography using the system of Figure 1 2; 

Figures 21(a) and 21(b) show the separation of three metal ions using the 

system of Figure 12; 

15 22 is a schematic, top plan view of a microchip according to the 

Figure 3 embodiment, additionally including a reagent reservoir and reaction channel; 

Figure 23 is a schematic view of the embodiment of Figure 20, showing 

applied voltages; 

Figure 24 shows two electropherograms produced using the Figure 22 

20 embodiment; 

Figure 25 is a schematic view of a microchip laboraloiy system according 
to a sixth preferred embod iment of the present invention; 

Figure 26 shows the reproducibility of the amount injected for argmine 

and glycine using the system of Figure 25; 
25 " ' Figure 27 shows the overlay of three dectraphorctic separations using 

the system of Figure 25; 

Figure 2S shows a plot of amounts injected versus reaction time using the 

system of Figure 25; 

Figure 29 shows an elcctropherogram of restriction fragments produced 

30 using the system of Figure 25; 

Figure 30 is a schematic view of a microchip laboratory system according 
to a seventh preferred embodiment of the present invention. 

Figure 31 is a schematic view of the apparatus of Figure 21, showing 
sequential applications of voltages to effect desired fluidic manipulations; and 
35 Figure 32 is a graph showing the different voltages applied to effect the 

fluidic manipulations of Figure 23. 
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pe riled Descr jrtjop ftf ft e Invention 

Integrated, micro-laboratory systems for analyzing or synthesizing 
chemicals require a precise way of manipulating fluids and fluid-bome material and 
subjecting the fluids to selected chemical or physical environments that produce desired 
conversions or partitioning. Given the concentration of analytes that produces chemical 
conversion in reasonable time scales, the nature of molecular detection, diffusion times 
and manufacturing methods for creating devices on a microscopic scale, miniature 
integrated micro-laboratory systems lend themselves to channels having dimensions on 
the order of 1 to 100 micrometers in diameter. Within this context, electrokinetic 
pumping has proven to be versatile and effective in transporting materials in 
microfabricated laboratory systems. 

The present invention provides the tools necessary to make use of 
electrokinetic pumping not only in separations, but also to perform liquid handling that 
15 accomplishes other important sample processing steps, such as chemical conversions or 
sample partitioning. By simultaneously controlling voltage at a plurality of ports 
connected by channels in a microchip structure, it is possible to measure and dispense 
fluids with great precision, mix reagents, incubate reaction components, direct the 
components towards sites of physical or biochemical partition, and subject the 
20 components to detector systems. By combining these capabilities on a single microchip, 
one is able to create complete, miniature, integrated automated laboratory systems for 
analyzing or synthesizing chemicals. 

Such integrated micro-laboratory systems can be made up of several 
component elements. Component elements can include liquid dispersing systems, liquid 
25 mixing systems, molecular partition systems, detector sights, etc. For example, as 
described herein, one can construct a relatively complete system for the identification of 
restriction endonuclease sites in a DNA molecule. This single microfabricated device 
thus includes in a single system the fonctions that are traditionally performed by a 
technician employing pipettors, incubators, gel electrophoresis systems, and data 
30 acquisition systems. In this system, DNA is mixed with an enzyme, the mixture is 
incubated, and a selected volume of the reaction mixture is dispensed into a separation 
channel. Electrophoresis is conducted concurrent with fluorescent labeling of the DNA. 

Shown in Figure 1 is an example of a microchip laboratory system 10 
configured to implement an entire chemical analysis or synthesis. The laboratory system 
35 10 includes six reservoirs 12, 14, 16, 18. 20, and 22 connected to each other by a system 
of channels 24 micromachined into a substrate or base member (not shown in fig. \\ as 
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discussed in more detail below. Each reservoir 12-22 is in fluid communication with a 
corresponding channel 26, 28. 30, 32, 34. 36, and 38 of the channel system 24. The first 
channel 26 leading from the first reservoir 12 is connected to the second channel 28 
leading from the second reservoir 14 at a first intersection 38. Likewise, the third 
channel 30 from the third reservoir 16 is connected to the fourth channel 32 at a second 
intersection 40. The first intersection 38 is connected to the second intersection 40 by a 
reaction chamber or channel 42. The fifth channel 34 from the fifth reservoir 20 is also 
connected to the second intersection 40 such that the second intersection 40 is a (bur- 
way intersection of channels 30, 32. 34. and 42. The fifth channel 34 also intersects the 
sixth channel 36 from the sixth reservoir 22 at a third intersection 44 

The materials stored in the reservoirs preferably are transported 
electrokinetically through the channel system 24 in order to implement the desired 
analysis or synthesis. To provide such dectrokinetic transport, the laboratory system 10 
includes a voltage controller 46 capable of applying selectable voltage levels, including 
15 ground. Such a voltage controller can be implemented using multiple voltage dividers 
and multiple relays to obtain the selectable voltage levels The voltage controller is 
connected to an electrode positioned m each of the six reservoirs 1 2-22 by voltage lines 
V1-V6 in order to apply the desired voltages to the material* in the reservoirs. 
Preferably, the voltage controller also includes sensor channels SI, S2, and S3 connected 
20 to the first, second, and third intersections 38, 40, 44, respectively, in order to sense the 
voltages present at those intersections. 

The use of electrokinetic transport on microminiaturized planar liquid 
phase separation devices, described above, is a viable approach for sample manipulation 
and as a pumping mechanism for liquid chromatography. The present invention also 
25 entails the use of electroosmotic flow to mix various fluids in a controlled and 
reproducible fashion. When an appropriate fluid is placed in a tube made of a 
correspondingly appropriate material, functional groups at the surface of the tube can 
ionize. In the case of tubing materials that are terminated in hydrcxyl groups, protons 
will leave the surface and enter an aqueous solvent. Under such conditions the surface 
will have a net negative charge and the solvent will have an excess of positive charges, 
mostly in the charged double layer at the surface. Whh the application of an electric 
field across the tube, the excess cations in solution will be attracteJ to the cathode, or 
negative electrode. The movement of these positive charges through the tube will drag 
the solvent with them. The steady state velocity is given by equation I. 
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where v is the solvent velocity, e is the dielectric constant of the fluid, * is the zeta 
potential of the surface, E is the dectric field strength, and * is the solvent viscosity. 
From equation 1 it is obvious that the fluid flow velocity or flow rate can be controlled 
through the electric field strength. Thus, dectroosmosis can be used as a programmable 

pumping mechanism. 

The laboratory microchip system 10 shown in Figure 1 could be used for 
performing numerous types of laboratory analysis or synthesis, such as DNA sequencing 
or analysis, electrochromatography, micellar deetrokinetic capillary chromatography 
(MECQ, inorganic ion analysis, and gradient dution liquid chromatography, as 
discussed in more detail below. The fifth channel 34 typically is used for electrophoretic 
or electiochromatographic separations and thus may be referred to in ceitam 
embodiments as a separation channel or column. The reaction chamber 42 can be used 
to mix any two chemicals stored in the first and second reservoirs 12, 14. For example. 
IS DNA from the first reservoir 12 could be mixed with an enzyme from the second 
reservoir 14 in the first intersection 38 and the mixture could be mcubaed in the reaction 
chamber 42. The incubated mixture could then be transported through the second 
intersection 40 into the separation column 34 for separation. The sixth reservoir 22 can 
be used to store a fluorescent label that is mixed in the third intersection 44 with the 
20 materials separated in the separation column 34. An appropriate detector CD) could then 
be employed to analyze the labeled materials between the third intersection 44 and the 
fifth reservoir 20. By providing for a pre-separation column reaction in the first 
intersection 38 and reaction chamber 42 and a post-separation column reaction m the 
third intersection 44, the laboratory system 10 can be used to implement many standard 
25 laboratory techniques normally implemented manuaUy in a conventicmal laboratory. In 
addition, the dements of the laboratory system 10 could be used to build a more 
complex system to solve more complex laboratory procedures. 

The laboratory microchip system 10 includes a substrate or base member 
(not shown in Fig. 1) which can be an apprmdmatdy two inch by one inch piece of 
30 microscope slide (Corning, Inc. #2947). While glass is a preferred material, other sunilar 
materials may be used, such as fused silica, crystalline quartz, fused quartz, pUsocs. and 
silicon (if the surface is treated sufficiently to dter its resistivity). Preferably, a non- 
conductive material such as glass or fused quartz is used to allow re atively high elcctnc 
fields to be applied to elecuokinetically transport materials through channels m the 
35 microchip. Semiconducting materials such as silicon could also be used but the dectnc 
field applied would normally need to be kept to a minimum (approximately less than 300 



WO 96/04547 



11 



PCT/US95/09492 



volts per centimeter using present techniques of providing insulating layers), which may 
provide insufficient dectrokinctic movement. 

The channel pattern 24 is formed in a planar surface of the substrate using 
standard photolithographic procedures followed by chemical wet etching. The channel 
pattern may be transferred onto the substrate with a positive photoresist (Shipley 1811) 
and an e-beam written chrome mask (Institute of Advanced Manufacturing Sciences, 
Inc ). The pattern may be chemically etched using HF/NH«F solution 

After forming the channel pattern, a cover plate may then be bonded to 
the substrate using a direct bonding technique whereby the substrate and the cover plate 
, surfaces are first hydrolyzed in a dilute NH^H/ftO, solution and then joined. The 
assembly is then annealed at about 500" C in order to insure proper adhesion of the 
cover plate to the substrate. 

Following bonding of the cover plate, the reservoirs are affixed to the 
substrate, with portion, of the cover plate sandwiched therebetween, using epoxy or 
S other suitable means. The reservoirs can be cylindrical with open opposite axial ends^ 
Typically, electrical contact is made by placing a platinum wire electrode m each 
reservoirs. The electrodes are connected to a voltage controller 46 which apphes a 
desired potential to select electrodes, in a manner described in more detad below. 

A cross section of the first channel is shown in Figure 2 and is identical to 
0 th e cross section of each of the other integrated channels. When using a non^ystalhne 
material (such as glass) for the substrate, and when the ^ « 
etched, an isotropic etch occurs, U, the glass etches unifonnly . all dnectmns. and the 
rcJng channel geometry is tmpezoidal The trapezoidal due to 

•undercutting- by the chemical etching process at the edge of the photon** In one 
25 embodiment, the channel cross section of the illustrated embodiment has dimensions of 
J Mm in depth, 57 pm in width at the top an. 45 urn in width at the botton. *i 
anotto embodiment, the channel has a depth "d" of 10pm, an U ,>per wdth -wl of 
90um and a lower width "w2" of 70pm 

An important aspect of the present invention »s the controlled 
30 electrokinetic transportation of materials through the channel system 24L Such 
controlled electrokinetic transport can be used to dispense a 

A^vely. as noted above, selected amounts of materials from two reservoir, can be 
^sported to an mtersecuon where the materials can be mnced m desired 
35 concentrations. 
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Shown in Figure 3 is a laboratory component 10A that can be usee to 
implement a preferred method of transporting materials through a channel structure 24A. 
The A following each number in Figure 3 indicates that it corresponds to an analogous 
5 element of Figure 1 of the same number without the A For simplicity, the electrodes 
and the connections to the voltage controller that controls the transport of materials 
through the channel system 24A are not shown in Figure 3. 

The microchip laboratory system 10A shown in Figure 3 controls the 
amount of material from the first reservoir 12A transported through tre intersection 40A 
10 toward the fourth reservoir 20A by elcctrokinetically opening and dosing access to the 
intersection 40A from the first channel 26A As such, the laboratory microchip system 
10A essentially implements a controlled electrolrinetic valve. Such an electrokinetic 
valve can be used as a dispenser to dispense selected volumes of a single material or as a 
mixer to mix selected volumes of plural materials in the intersection 40A In general, 
15 electro-osmosis is used to transport "fluid materials" and electrophoresis is used to 
transport ions without transporting the fluid material surrounding the ions. Accordingly, 
as used herein, the term "material" is used broadly to cover any form of material, 

including fluids and ions. 

The laboratory system 10A provides a continuous urc directional flow of 
fluid through the separation channel 34A. This injection or dispensing scheme only 
requires that the voltage be changed or removed from one (or two) reservoirs and allows 
the fourth reservoir 20A to remain at ground potential. This will allow injection and 
separation to be performed with a single polarity power supply. 

An enlarged view of the intersection 40A is shown in Figure 4. The 
25 directional arrows indicate the time sequence of the flow profiles at the intersection 40A. 
The solid arrows show the initial flow pattern. Voltages at the vanous reservoirs are 
adjusted to obtain the described flow patterns. The initial flow pattern brings a second 
material from the second reservoir 16A at a sufficient rate such that all of the first 
material transported from reservoir 12A to the mtersection 40A is pushed toward the 
30 third reservoir ISA. In general, the potential distribution will be such that the highest 
potential is in the second reservoir 16A a slightly lower potential in the first 
reservoir 12A, and yet a lower potential in the third reservoir UA with the fourth 
reservoir 20A being grounded. Under these conditions, the flow towards the fourth 
reservoir 20A is solely the second material from the second reservoir 16A 
35 To dispense material from the first reservoir 12A through the mtersection 

40A, the potential at the second reservoir 16A can be switched to a value less than the 
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potential of the first reservoir 12A or the potential! at reservoirs 16A and/or 18A, can be 
floated momentarily to provide the flow shown by the short dashed arrows in Figure 4. 
Under these conditions, the primary flow will be from the first reservoir 12A down 
towards the separation channel waste reservoir 20A The flow from the second and 
5 third reservoirs 16A, 18A will be small and could be in either direction. This condition is 
held long enough to transport a desired amount of material from the first reservoir 12A 
through the intersection 40A and into the separation channel 34A After sufficient time 
for the desired material to pass through the intersection 40 A the voltage distribution is 
switched back to the original values to prevent additional material from the first reservoir 
10 12A from flowing through the intersection 40A toward the separation channel 34A 

One application of such a "gated dispenser" is to inject a controlled, 
variable-sized plug of analyte from the first reservoir 12A for electrophoretic or 
chromatographic separation in the separation channel 34A. In such a system, the first 
reservoir 12A stores analyte. the second reservoir 16A stores an ionic buffer, the third 
IS reservoir 18A is a first waste reservoir and the fourth reservoir 20A is a second waste 
reservoir. To inject a small variable plug of analyte from the first reservoir 12A, the 
potentials at the buffer and first waste reservoirs 16 A, 18A are simply floated for a short 
period of time (« 100 ms) to allow the analyte to migrate down the separation column 
34A To break off the injection plug, the potentials at the buffer rcsavoir I6A and the 
20 first waste reservoir 18A are reapplied. Ahematively, the valving sequence could be 
effected by bringing reservoirs 16A and 18A to the potential of the intersection 40A and 
then returning them to their original potentials. A shortfall of this method is that the 
composition of the injected plug has an electrophoretic mobility bias whereby the taster 
migrating compounds are introduced preferentially into the separation column 34A over 

25 slower migrating compounds. 

In Figure 5. a sequential view of a plug of analyte moving through the 
Intersection of the Figure 3 embodiment can be seen by CCD images The analyte being 
pumped through the laboratory system 10A was rhodamine B (shaded area), and the 
orientation of the CCD images of the injection cross or interscctior. is the same as in 

30 Figure 3. The first image, (A), shows the analyte being pumped through the injection 
cross or intersection toward the first waste reservoir 18A prior to ihe injection. The 
second image. (B), shows the analyte plug being injected into the separation column 
34A The third image, (Q, depicts the analyte plug moving away from the injection 
intersection after an injection plug has been completely introduced into the separation 

35 column 34A. The potentials at the buffer and first waste reservoirs 16A, 18A were 
floated for 100 ms while the sample moved into the separation column 34A By the time 
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of the (Q image, the closed gate mode has resumed to stop farther analyte from moving 
through the intersection 40A into the separation column 34A, and a clean injection plug 
with a length of 142 um has been introduced into the separation column. As discussed 
below, the gated injector contributes to only a minor fraction of the total plate height. 

5 The injection phig length (volume) is a function of the tune of the injection and the 
electric field strength in the column. The shape of the injected plug is skewed slightly 
because of the directionality of the cleaving buffer flow. However, for a given injection 
period, the reproducibility of the amount injected, determined by integrating the peak 
area, is 1% RSD for a series of 10 replicate injections. 

10 Electrophoresis experiments were conducted using the microchip 

laboratory system 10A of Figure 3, and employed methodology according to the present 
invention. Chip dynamics were analyzed using analyte fluorescence A charge coupled 
device (CCD) camera was used to monitor designated areas of the chip and a 
photomultiplier tube (PMT) tracked single point events. The CCD (Princeton 

15 Instruments, Inc. TE/CCD-512TKM) camera was mounted on a stereo microscope 
(Nikon SMZ-U), and the laboratory system 10A was ffluininated using an argon ion laser 
(514.5 run. Coherent Innova 90) operating at 3 W with the beam expanded to a circular 
spot « 2 cm in diameter. The PMT, with collection optics, was situated below the 
microchip with the optical axis perpendicular to the microchip surface. The laser was 

20 operated at approximately 20 mW, and the beam impinged upon the microchip at a 45° 
angle from the microchip surface and parallel to the separation channel. The laser beam 
and PMT observation axis were separated by a 135" angle. The point detection scheme 
employed a helium-neon laser (543 ran, PMS Electro-optics LHGP-0051) with an 
electrometer (Keithley 617) to monitor response of the PMT (Oriel 77340). The voltage 

25 controller 46 (Spellman CZE 1000R) for electrophoresis was operated between 0 and 

+4.4 kV relative to ground. 

The type of gated injector described with respect to Fiyures 3 and 4 show 
electrophoretic mobility based bias as do conventional electroosmotic injections. 
Nonetheless, this approach has simplicity in voltage switching requirements and 
30 fabrication and provides continuous unidirectional flow through the separation channel. 
In addition, the gated injector provides a method for valving a variable volume of fluid 
into the separation channel 34A in a manner that is precisely controlled by the electrical 
potentials applied. 

Another application of the gated dispenser 10A is to dilute or mix desired 
35 quantities of materials in a controlled manner. To implement such a mixing scheme in 
order to mix the materials from the first and second reservoirs 12A, 16A, the potentials 
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in the first and second channels 26A, 30A need to be maintain«l higher than the 
potential of the intersection 40A during mixing- Such potentials will cause the materials 
from the first and second reservoirs 12A and 1 6A to simultaneously move through the 
intersection 40A and tr^ rnix the two materials. The potentials applied at the first 
second reservoirs 12A. 16A can be adjusted as desired to achieve the selected 
coiKentration of each material. After dispensing the desired amount of each material 
the potential at the second reservoir 16A may be increased in a manner suffice* to 
prevent further material from the first reservoir 12A from being transported through the 
intersection 40A toward the third reservoir 30A. 



10 



A^hrtemicctor 

Shown in Figure 6 is a microchip anaiyte injector 10B according to the 
present invention. The channel pattern 24B has four distinct channels 26B, 30B, 32B, 
and 34B micromachined into a substrate 49 as discussed above. Each channel has an 
15 accompanying reservoir mounted above the terminus of each channel poruon, and all 
four channels intersect at one end in a four way mtersection 40B. The oppostte ends of 
each section provide termini that extend just beyond the peripheral edge of a cover plate 
47 mounted on the substrate 49. The anaiyte injector 10B shown in Figure 6 is 
substantially identical to the gated dispenser 10A except that the electric* [^potentials are 
20 applied in a manner that injects a volume of material from reservoir 16% through the 
intersection 40B rather than from the reservoir 12B and the volume of matenal .ejected 
is controlled by the size ofthe intersection. 

The embodiment shown in Figure 6 can be used for various matenal 
manipulations. In one application, the laboratory system is used to in. ect an anaiyte from 
25 an anaiyte reservoir 16B through the inters 

channel 34B. The anaiyte injector 10B can be opened i- either 

mode Reservoir 16B is supplied with an anaiyte and reservoir I2B wrth buffer. 

Reservoir 18B acts as an anaiyte waste reservoir, and reservoir 20B acts as a waste 

reservoir. ^ ^ ^ ^ .t least two types of anaiyte introduction arc 
possible inttefirsuknov^as.^atmg^.dmg.apotcndalU 
reservoir 16B with reservoir 18B grounded. At the same rime, reservoirs 12B and 20B 
are floating, meaning that they are neither coupled to the power source, nor grounded. 

The second load mode is "pinched" loading mode, .harem potenluls are 
35 simultaneously applied at reservoir, 12B, 16B, and 20B, with reservoir 18B grounded m 
^TcZll injection p.u g sbape as discussed in more detail bdow. As used 
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heron, simultaneously controlling electrical potentials at plural reservoirs means that the 
electrodes are connected to a operating power source at tire same chemically significant 
time period. Floating a reservoir means disconnecting the electrode m the reservoir from 
the power source and thus the electrical potential at the reservoir is not controlled. 
S In the "run" mode, a potential is applied to the buffer reservoir 12B with 

reservoir 20B grounded and with reservoirs 16B and 18B at approximately half of the 
potential of reservoir 12B. During the mn mode, the relatively high potential applied to 
the buffer reservoir 12B causes the analyte in the intersection 40B to move toward the 
waste reservoir 20B in the separation column 34B. 
10 Diagnostic experiments were performed using rhodamine B and 

sulforhodamine 101 (Exciton Chemical Co., Inc.) as the analyte at 60 pM for the CCD 
images and 6 nM for the point detection. A sodium tetraborate buffer (SO mM, pH 9.2) 
was the mobile phase in the experiments. An injection of spatially well defined small 
volume ( * 100 pL) and of small longitudinal extent ( « 100 jim), injection is beneficial 
IS when performing these types of analyses. 

The analyte is loaded into the injection crass as a frontal 
dectropherogram, and once the front of the slowest analyte component passes through 
the injection cross or intersection 40B, the analyte is ready to be analyzed. In Figure 7, a 
CCD image (the area of which is denoted by the broken line square) displays the flow 
20 pattern of the analyte 54 (shaded area) and the buffer (white area) ilirough the region of 
the injection intersection 40B. 

By pinching the flow of the analyte, the volume of the analyte plug is 
stable over time. The slight asymmetry of the plug shape is due to the different electric 
field strengths in the buffer channel 26B (470 V/cm) and the separation channel 34B 
25 (100 V/cm) when 1.0 kV is applied to the buffer, the analyte and the waste reservoirs, 
and the analyte waste reservoir is grounded. However, the different field strengths do 
not influence the stability of the analyte plug injected. Ideally, when the analyte plug is 
injected into the separation channel 34B, only the analyte in the injection cross or 
intersection 40B would migrate into the separation channel. 
30 The volume of the injection plug in the injection cross is approximately 

120 pL with a plug length of 130 urn. A portion of the analyte 54 ir. the analyte channel 
30B and the analyte waste channel 32B is drawn into the scpaiation channel 34B. 
Following the switch to the separation (run) mode, the volume of the injection plug is 
approximately 250 pL with a plug length of 208 ]xm These dimensions are estimated 
35 from a scries of CCD images taken immediately after the switch is made to the 
separation mode. 
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The two modes of loading were tested tor the anaiy* introduction into 
^separation channel 34B. The analyte was placed in the analyte reaervoir 16B, and in 
^ injection schemes was transported- in the direction of reservoir 1», a waste 
reservoir CCD images of the two types of injections are depicted in Figures 8(a)-8(cX 
5 Figure 8(a) schematically shows the irtersection 40B, as well as the end portions of 
channels. 

The CCD image of Figure 8(b) is of loading in the pinched mode, just 
prior to being switched to the run mode. In the pinched mode, anaMe (shown as white 
against the dark background) is pumped electrophoreticaBy and eleciroosmoUcally from 
10 reservoir 16B to reservoir 18B Qeft to right) with buffer from the buffer reservoir 12B 
(top) and the waste reservoir 20B (bottom) traveling toward reservoir 18B ("* h »-The 
voltages applied to reservoirs 12B, 16B, 18B, and 20B were 90%, 90%. 0. and 100%, 
respectively, of the power supply output which correspond to electric field strengths in 
the corresponding channels of 400. 270, 690 and 20 V/cm. respectively. Although the 
15 voltage applied to the waste reservoir 20B is higher than voltage applied to the analyte 
reservoir 18B. the additional length of the separation channel 34B compared to the 
analyte channel 30B provides additional electrical resistance, and thus the flow from the 
analyte buffer 16B into the intersection predominates. Consequently, the analyte mi the 
injection cross or intersection 40B has a trapezoidal shape and is spatially constricted m 
20 the channel 32B by this material transport pattern- 
Figure 8(c) shows a floating mode loading. The analyte is pumped from 
reservoir 16B to 18B as in the pinched injection except no pot2ntial is applied to 
reservoirs 12B and 20B. By not controlling the flow of mobile phase (buffer) in channel 
portions 26B and 34B. the analyte is free to expand into these channels through 
25 convective and diffusive flow, thereby resulting in an extended injection plug. 

When comparing the pinched and floating injections, the pinched injection 
.superior in three areas: temporal stability of the injected volume, the P"*™^ 
injected volume, and plug length. When two or more arialytes with v*stl ddfercnt 
mobilities are to be analyzed, an injection with temporal stability insures that equal 
30 vine, of the fester and slower moving anslytes are introduced into the separation 
"Lor channel 34B. The high reproducibUity of the injection ^""^ 
ability to prform quantitative analy*. A smaller plug length lead, i to a 1£ 
separation efficiency and. consequent*, to a greater component capacity for a grven 
instrument and to higher speed separations. frrn 
35 To determine the temporal stability of each mode, a scnes of CCD 

fluorescence images were collected at 1.5 second intervaU starting just prior to the 
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analyte reaching the injection intersection 40B. An estimate of the amount of analyte 
that is injected was determined by integrating the fluorescence in the intersection 40B 
and channels 26B and 34B. This fluorescence is plotted versus time in Figure 9. 

For the pinched injection, the injected volume stabilizes in a few seconds 
S and has a stability of \% relative standard deviation (RSD), which is comparable to the 
stability of the illuminating laser. For the floating injection, the amcunt of analyte to be 
injected into the separation channel 34B increases with time because of the dispersive 
flow of analyte into channels 26B and 34B. For a 30 second injection, the volume of the 
injection plug is ca. 90 pL and stable for the pinched injection versus ca 300 pL and 

10 continuously increasing with time for a floating injection. 

By monitoring the separation channel at a point 0.9 cm from the 
intersection 40B, the reproducibility for the pinched injection node was tested by 
integrating the area of the band profile following introduction into the separation channel 
34B. For six injections with a duration of 40 seconds, the reproducibility for the pinched 

15 injection is 0.7% RSD. Most of this measured instability js from the optical 
measurement system. The pinched injection has a higher reproducibility because of the 
temporal stability of the volume injected. With electronically controlled voltage 
switching, the RSD is expected to improve for both schemes. 

The injection plug width and, ultimately, the resolution between analytcs 

20 depends largely on both the flow pattern of the analyte and the dimensions of the 
injection cross or intersection 40B. For this column, the width of the channel at the top 
is 90 iim, but a channel width of 10 \xm is feasible which would lead to a decrease in the 
volume of the injection plug from 90 pL down to 1 pL with a pinched injection. 

There are situations where it may not be desirable to reverse the flow in 

25 the separation channel as described above for the "pinched" and "floating" injection 
schemes. Examples of such cases might be the injection of a new sample plug before the 
preceding plug has been completely eluted or the use of a post-column reactor where 
reagent is continuously bang injected into the end of the separation column. In the latter 
case, it would in general not be desirable to have the reagent flowing back up into the 

30 separation channel 

Alternate Mdytg Inieoter 

Figure 10 illustrates an alternate analyte injector system 10C having six 
different ports or channels 26C, 30C, 32C, 34C, 56, and 58 respectively connected to six 
35 different reservoirs 12C, 16C, ISC, 20C t 60, and 62. The letter C after each element 
number indicates that the indicated element is analogous to a corresixmdingly numbered 
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The distance between the upper and lower intersect!** 40C and 64 
respectively, should be as small as possible to nunmrize phig distortion and criticality of 
Xfcfc^l^t. two flow conditions. 
eUcLl potential may also be placed at the lower intersect^ « * 
„i 58 to assist in adjusting thedectrical potentials for |^ flow cotmol. /^curate 
flow control at the lower intersection 64 may be necessary to prevett undeared band 

broaden^ ^ ^ ^ ^ passes ^ lower intersection, the potentials are 
switched back to the initial conditions to give the original flow profile as shown with the 
long dashed arrows. This flow pattern will allow buffer flow into the separation channel 
3 4C while the next analyte plug is being transported to the plug forming region tn the 
unoer intersection 40C. This injection scheme will allow a rapid success™ of injectons 
to be made and may be very important for samples that are slow to m grate or if * takes 
a long time to achieve a homogeneous sample at the upper intersection 40C such as with 
entangled polymer solutions. This implementation of the pinched mjecnon also 
nuuntains unidirectional flow through the separation channel as origin be reared for a 
post-column reaction as discussed below with respect to Figure 22. 



Serpentine Channel , . . 

10D *o«n in Hg»» 12. H« *■» « " 
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^on of rhodamine B Qa* retained) and sulfbrh«lamiae (more ieu«Kd) u«ng the 
conditions: E«=400V/cn, E.-150V/cm, buffi* = SO mM sodium 
tetraborate at pH 9.2. The CCD images demonstrate the separation process at 1 *cond 
intervals, with Figure 13(a) snowing a schematic of the section of the clap imaged, and 
5 whh Figures 13(b>13(e) showing the separation unfold. 

Figure 13(b) again shows the pinched injection with the applied voltages 
at reservoirs 12D. 16D, and 20D equal and reservoir 1SD grounded. Figures 13(c)- 
13(e) shows the plug moving away from the interaction at 1. 2. and 3 seconds, 
respectively, after switching to the run mode In Figure 13(cX the injection plug » 
10 nusratingarounda^tunuandbanddistortionb inner portion of the 

plug traveling less distance than the outer portion. By Figure 13(d ,. the analytes have 
separated into distinct bands, which are distorted in the shape of a parallelogram. In 
Figure 13(e), the bands are weO separated and have attained a more rectangular shape, 
^ collapsing of the parallelogram, due to radial diffusion, an additional contribution to 

IS efficiency loss. . . 

When the switch is made from the load mode to the run mode, a dean 

break of the injection plug from the analyte stream is desired to avoid tailing. This is 
achieved by pumping the mobile phase or buffer from channel 26D mto channds 30D. 
32D and 34D simultaneously by obtaining the potential at the intersection 40D below 
20 thepotentialof reservoir 12D and above the potentials of reservoirs 16D 

In the representative experiments described herein. ite intersect™ 40D 
was maintained at 66% of the potential of reservoir 12D during the run mode. This 
provided sufficient Bow of the analyte back away from the injection mtersecuon 40D 
down channds 30D and 32D without decreasing the field strength in the separation 
25 channel 34D significanuy. Alternate channel design, would allow a 8-ter ^|on °f 
ITotentia. applied at reservoir 12D to be dropped across the separate channel 34D. 

^' m ^fZ7..y flow is demonstrated in Figures 13(c>13(e) as the 
analytes in channels 30D and 320 (1* and right, respectivdy) mova fi^ away from 
30 "^onwilhtime. I»i~P-*-^"^~ 
with minimal bleed of the analyte into the separation channel 34D. 



in most appbeations envisaged for these integrated microsystems for 
35 chctmcalandysisorsyntliesisHwnibenece^ 

chTnd at onTor more positions sinflar to conventional labo-etory measurement 
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processes. Techniques typically utilized for quantification include, buc are not limited to, 
optical absorbance, refractive index changes, fluorescence emission, chemihiminescence, 
various forms of Raman spectroscopy, electrical conductometric measurements, 
electrochemical amperiometric measurements, acoustic wave propagation measurements. 
5 Optical absorbence measurements are commonly employed with 

conventional laboratory analysis systems because of the generality of the phenomenon in 
the UV portion of the electromagnetic spectrum. Optical absorbence is commonly 
determined by measuring the attenuation of impinging optical power hs h passes through 
a known length of material to be quantified. Alternative approaches are possible with 
10 laser technology including photo acoustic and photo thermal techniques. Such 
measurements can be utilized with the microchip technology discussed here with the 
additional advantage of potentially integrating optical wave guides on microfabricated 
devices. The use of solid-state optical sources such as LEDs and diode lasers with and 
without frequency conversion elements would be attractive for reduction of system size. 
IS Integration of solid state optical source and detector technology onto a chip does not 
presently appear viable but may one day be of interest. 

Refractive index detectors have also been commonly used for 
quantification of flowing stream chemical analysis systems because of generality of the 
phenomenon but have typically been less sensitive than optical absorption. Laser based 
20 implementations of refractive index detection could provide adequate sensitivity in some 
situations and have advantages of simplicity. Fluorescence emission (or fluorescence 
detection) is an extremely sensitive detection technique and is commonly employed for 
the analysis of biological materials. This approach to detection has much relevance to 
miniature chemical analysis and synthesis devices because of the sensitivity of the 
25 technique and the small volumes that can be manipulated and analyzed (volumes in the 
picolitcr range are feasible). For example, a 100 pL sample volume with 1 nM 
concentration of analyte would have only 60,000 analyte molecules to be processed and 
detected. There are several demonstrations in the literature of detecting a single 
molecule in solution by fluorescence detection. A laser source is often used as the 
30 excitation source for ultrasensitive measurements but conventional liyht sources such as 
rare gas discharge lamps and light emitting diodes (LEDs) are also used. The 
fluorescence emission can be detected by a photomultiplier tube, ptiotodiode or other 
light sensor. An array detector such as a charge coupled device (CCD) detector can be 
used to image an analyte spatial distribution. 
35 Raman spectroscopy can be used as a detection method for microchip 

devices with the advantage of gaining molecular vibrational information, but with the 
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U., the enzyme produces a detectable product. There are many extmples where such an 
approach has been used in conventional laboratory procedures to enhance detection, 
either by absorbencc or fluorescence. A third example of a detection method that could 
benefit from integrated mixing methods is chemihiminescuice deto-tion. In these types 
S of detection scenarios, a reagent and a catalyst are mixed with an appropriate target 
molecule to produce an excited state molecule that emits a detectab e photon. 

Analvte Stacking 

To enhance the sensitivity of the microchip laboratory system 10D, an 
10 analyte preconcentration can be performed prior to the separa'ion. Concentration 
enhancement is a valuable tool especially when analyzing environmental samples and 
biological materials, two areas targeted by microchip technology. Analyte stacking is a 
convenient technique to incorporate with electrophoretic analyses. To employ analyte 
stacking, the analyte is prepared in a buffer with a lower conductiviiy than the separation 
15 butTer. The difference in conductivity causes the ions in the andyte to stack at the 
beginning or end of the analyte plug, thereby resulting in a conomtrated analyte plug 
portion that is detected more easily. More elaborate preconcentration techniques include 
two and three buffer systems, i.e., transient isotachophoretic preconcentration. It will be 
evident that the greater the number of solutions involved, the more difficult the injection 
20 technique is to implement. Pre-concentration steps are well suited for implementation on 
a microchip. Electroosmotically driven flow enables separation and sample buffers to be 
controlled without the use of valves or pumps. Low dead volume connections between 
channels can be easily fabricated enabling fluid manipul atlon hi & n P reci sion, speed 
and reproducibility. 

25 Referring again to Figure 12, the pre-concentration of the analyte is 

performed at the top of the separation channel 34D using a modif ed gated injection to 
stack the analyte. First, an analyte plug is introduced onto the separation channel 34D 
using eleciTOOsmotic flow. The analyte plug is then followed by rrore separation buffer 
from the buffer reservoir 16D. At this point, the analyte stacks at the boundaries of the 

30 analyte and separation buffers. Dansylated amino acids were used as the analyte, which 
are anions that stack at the rear boundary of the analyte buffer plug. Implementation of 
the analyte stacking is described along with the effects of the stacking on both the 
separation efficiency and detection limits. 

To employ a gated injection using the microchip laboratory system I0D, 

35 the analyte is stored in the top reservoir 12D and the buffer is stored in the left reservoir 
16D. The gated injection used for the analyte stacking is performed on an analyte having 
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an tonicitwngth that i. less than thit of the nmningbuffer. Buffer is uansported by 
dectroosmosis from the buffer reservoir 1 6P towards b<>th the analyte waste and waste 
reservoir. 18D, 20D. This buffer stream prevents the aruiyte fion bleeding mto the 
separation channel 34D. Within a representative entbodiment, the rdative potoMliat 
5 the bufftr, ^e. ^alyte waste and waste reservoir, are 1 . 0.9. 0. 7 and 0, respect™*. 
For 1 kV applied to the microchip, the field strengths in the buHer, analyte. analyte 
waste, and separation channels during the separation are 170. 130. 180, and 120 V/cm. 

respectively. ^ j^g^ ^ e analyte onto the separation channel 34D. the potential at the 
0 buffer reservoir 16D is floated (opening of the high vohage switch) lor a brief penod of 
time (0 1 to 10 s), and analyte migrates into the separation channel. For 1 kV applied*) 
the microchip, the field strengths in the buffer, sample, sample waste, and separate 
channels during the injection are 0,240, 120. and 1 10 V/cm, respecuvdy. Tobr^koff 
the analyte plug, the potential at the buffer reservoir 16D is reappbed ^osmgof a h# 
15 voltage Uch). The volume of the analyte plug is a function of the mjecUon tune, 
electric field strength, and dectrophoretic mobility. 

The separation buffer and analyte compositions can be quite different, yet 
with the gated injections the integrity of both the analyte and buffer streams can , be 
n^aintaLd in the separation channel 34D to perform the stackmg ope^o. 
20 The analyte stacking depends on the relative conductivity of the separatum buffer to 
^TTf* example - th a 5 mM separation buffer and a 0.5 1 6 mM sample (0.016 

injection profiles for didansyWysine injected for 2 s with y equal to ft* «^7.Tta 
i^ion rofilewithy-0.97 (the .^^^b^« — 5**J- 
25 nostacldng. The second profile with y = 9.7 shows a modest — 

ZIL at the rear boundary of the sample buffer plug. In add-on to increasmg *e 
n^nc^tio, the spatial extent of the plug is coined. J 
X-97haaawidth.thalf4tcightof0.41 s, wWle mc mject.on prome wtth y 0.97 

30 h^awidthatha^^ 

TvZZ *c injection C mjocfion field strength) i, 95% of the dectnc fie* strength" 

r^ion chid during the separation (separation field 

Z mCed while the separation field strength is applied. For an n,ect,on t_ of 2 s, 

M Section oIub width of 1 .9 s is expected for y - 0.97. 

ph,g k*. mi nk*. conduct rf*e ml «4* The 
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enhancement due to Stacking increases with increasing relative corductiviues, y. In 
Table 1. the enhancement U listed for gftom 0.97 to 970. Although the enhancement is 
largest when y - 970, the separation efficiency lufito due to m decuoosrootic pressure 
originating at the concentration boundary when the relative conductivity is too large. A 

5 compromise between the stacking enhancement and separation efficiency must be 
reached and y - 10 has been found to be optimal. For separations performed using 
stacked injections with y - 97 and 970, didansyWysine and dansyl-isoleucine could not 
be resolved due to a loss in efficiency. Also, because the injecti-m process on the 
microchip is computer controlled, and the column is not physically transported from vial 

10 to vial, the reproducibility of the stacked injections is 2.1% rsd (peree it relative standard 
deviation) for peak area for 6 replicate analyses. For comparisor, the non-stocked, 
gated injection has a 1.4% rsd for peak area for 6 replicate analysts, and the pinched 
injection has a 0.75% rsd for peak area for 6 replicate analyses. These correspond well 
to reported values for large-scale, commercial, automated capilhiry electrophoresis 

15 instruments. However, injections made on the microchip are * UK) times smaller in 
volume. e.g- 100 P L on the microchip versus 10 nL on a commercial instrument 

TaMe t ; Variation of stacking enhancement with relative conductivity, y. 

Y Concentration Enhancement 

0.97 » 

9.7 65 

97 11.5 

970 13.8 
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Buffer streams of different conductivities can be accurately combined on 
microchips. Described herein is a simple stacking method, altho jgh more elaborate 
stacking schemes can be employed by fabricating a microchip with additional buffer 
reservoirs. In addition, the leading and trailing electrolyte buffers can be selected to 
25 enhance the sample stacking, and ultimately, to lower the detection limits beyond that 
demonstrated here. It is also noted that much larger enhancements are expected for 
inorganic (elemental) cations due to the combination of field amplirted analyte injection 
and better matching of analyte and buffer ion mobilities. 

Regardless of whether sample stacking is csed, the snicrochip laboratory 
30 system 10D of Figure 12 can be employed to achieve electrophorectic separation of an 
analyte composed of rhodamine B and sulforhodamine. Figure 15 a- e electropherograms 
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o« -«*->«* r^zt -~ e_ . .to wo, 

MiAumui conditions: injection type was pmonw. 

of (toe. getter* etl per .mil ■> by the fcmuh 

separation column, ind H is the height equivalent eo * thecceeicej ptae- The plate 
height, H, can be written as 

II A + B/u 

where A is the sum of the comributions from the injection plug Umg-h and the detector 

rilled 

buffer ami u Is the linear vclodty of the analyte. 

, Co^ng^moe^^^**^"-^^^ 
} , . k*ti*u «f the analvte and E is the electric field strength, 

the effective electrophoretic mob.Bty of the analyte ana * 

^ plates perunh time canbeexpressedasa^ 



NA»(uE)»/(AuE + B) 
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At low electric field strengths when axial diffusion is the dominant form 
of band dispersion, the term AuE is small relative to B the number of 

lea oericond increases with the square of the electric field strength, 
plates per seco^mc^ incr eases, the plate height approaches 

, „r*e olates per unit time increases Hneariy »iA the electric field 
W -^t^:Z^ .tobsvcAas^ 

»^^r^^^ separate of rhodar^ B and 
. . — ««ntv meed positions was motitoced, each constituting » 
^t^T/T^r^ tfc pc* of h*** eSeienc* of 
rleTr^IU « 3M00 - ,,000 toes, tespee^. 
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B * • «« of this magnitude arc sufficient for many separation applications The 

in the efficiency would result; however, none was detected. The efficacy 
I l^d™ 16 (condiuonsforPsure 16 were the same « for figure 15). 
5 ^ A similar separation experiment was pcrfonned usiug the m^P 

1 • - mu «f r.«ire 6 Because of the straight separation channel 34B, the 
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j i.w« dromes a linear funrtion of the electric field strength, because 
TZZ^ZS^ZL I- TV «-* * ^ 1. ^Pteeeo. tte 
t^S«ttd f. tte two « <* » - - '» 7 — J 

ZSTtI- too. a. e*u.»ed u*g tte pr^oady^ttd eo-tuoo „d the 



PCIYUS95/09492 

WO 96/04547 

29 



***** - - — - -^rr B ■ fc " ,am 



„„„ unctatgcd J«« irr^TnigMio. time. T* »k»o*p «*«• 

^ ^ of the "P"*- ^"ZTJ uaiai with 1 M sodium fete*. 
^ *. ^^^Tt., « « ,05-C * Hour, 

.od then H«ed water. The ^ '™° ^ A 25% (Ww) 

^o»ck^«A«"o™^^ ftraofiou. the 1« hoo. 

*Z ^2 - — * *- "* *Z?» 

nachon penoo « I" C. ' ^ I0 D «, used to 

,„ remove *e ^ ° D ^ e com ^ or 440 (C440). 

.^Ukatel Wo *e injKUoncrots™ .iron ^ Qrce a* front of ihc 

X >«° «- e . raOV °" to W, is ready to be 

^ „ throw"* • ^^™ raovoi - 

reservoir 20D. In orfer »"^V*^ J, a—.*-*— 
35 the analyte waste reservoirs iw. 



WO 96/04547 



PCI7US95/09492 



30 



the buffer reservoir 12D. This method of loading and injecting tre sample is time- 
independent, non-biased and reproducible. 

In Figure 19, a chromatogram of the coumarins is shown for a linear 
velocity of 0.65 mm/s. ForC440, 1 1700 plate* was observed which corresponds to 120 
5 plates/a. The most retained component, C460, has an efficiency nearly in order of 
magnitude lower than for C440, which was 1290 plates. The unduladng background m 
the chromatognuns is due to background fluorescence from the glass substrate and 
shows the power instability of the laser. This, however, did not hamper the quality of 
the separations or detection. These results compare quite well with conventional 
10 laboratory High Performance LC (HPLC) techniques in terms of olate numbers and 
exceed HPLC in speed by a factor often. Efficiency is decreasing with retention raster 
than would be predicted by theory. This effect may be due to overloading of the 
monolayer stationary or kinetic effects due to the high speed of the serration. 

15 ^c*n a rElectTO" rrti ft ^Miliary Chromatography, 

In the elcctrochrornatography experiments discussed above with respect 
to Figure 19, sample components were separated by tnek parntioruns interactk>n with a 
stationary phase coated on the channel walls. Another method of separating neutral 
anarytes is micellar electrokinetic capillary chromatography (MECC). MECC is an 
20 operational mode of electrophoresis in which a surfactant such as sodium dodecylsulfate 
(SDS) is added to the buffer in sufficient concentration to form micelles in the buffer. In 
a typical experimental arrangement, the micelles move much more slowly toward the 
cathode than does the surrounding buffer solution. The partitioning of solutes between 
the micelles and the surrounding buffer solution provides a separation mechanism similar 
25 to that of liquid chromatography. 

The microchip laboratory 10D of Figure 12 was used to perform on an 
anaMe composed of neutral dyes coumarin 440 (C440), coumarin 450 (C450). and 
coumarin 460 (C460, Exciton Chemical Co., Inc.). Individual st*k solutions of each 
dye were prepared in methanol, then diluted into the analysis buff* before use. The 
30 coricontration of each dye was approximately 50pM unless indica,ed otherwise^ The 
MECC buffer was composed of 10 mM sodium borate (pH 9.1). 50 mM SDS, and 10% 
(v/v) methanol The methanol aids in solubilizmg the coumarin dyes in the aqueous 
buffer system and also affects the partitioning of some of the dyes i* o the micelles. Due 
care must be used in working with coumarin dyes as the chemical, physical, and 
35 lexicological properties of these dyes have not been folly investigated. 
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fogrflaniclon Analysis 

Another laboratory analysis that can be performed on either the 
laboratory system 10B of Figure 6 or the laboratory system 10D of Figure 12 is 
inorganic ion analysis. Using the laboratory system 10B of Figwe 6. inorganic ion 
analysis was performed on metal ions complex* with g+vdro^iuinoHne-S-sulfoiuc 
acid (HQS) which are separated by electrophoresis and detected with UV laser induced 
fluorescence. HQS has been widely used as a ligand for optical determinations of metal 
ions. The optical properties and the solubility of HQS in aqueous media have recently 
been used for detection of metal ions separated by ion cbromatocraphy and capillary 
electrophoresis. Because uncompleted HQS does not fluoresce, ex,;ess ligand is added 
to the buffer to maintain the complexation equilibria during the separation without 
contributing a large background signal. This benefits both the efficiency of the 
separation and detectability of the sample. The compounds used for the experiments arc 
zinc sulfate, cadmium nitrate, and aluminum nitrate. The buffer is sodium phosphate (60 
15 mM, pH 6.9) with «- hydroxyquinoline-S^tfoiue acid (20 mM for all experiments 
except Rgure 5; Sigma Chemical Co.). At least 50 mM sodium phosphate buffer is 
needed to dissolve up to 20 mM HQS. The substrate 49B used was fused quartz, which 
provides greater visibility than glass substrates. 

The floating or pinched analyte loading, as described previously with 
respect to Figure 6. is used to transport the analyte to the injection mterecction 40B. 
With the floating sample loading, the injected plug has no electrophoretic bias, but the 
volume of sample is a function of the sample loading rime Becau is the sample loading 
time is inversely proportional to the field strength used, for high injection field strengths 
a shorter injection time is used than for low injection field strengths. For example, for an 
25 injection field strength of 630 V/cm (Figure 3a), the injection timo is 12 s, and for an 
injection field strength of 520 V/cm (Figure 3b). the injection time is 14.5 s. Both the 
pinched and floating aample loading can be used with and without suppression of the 

electroosmotic flow. 

Figures 21(a) and 21(b) show the separation of throe melal ions 

30 complexed with 8-hydroxyquinoline-5-sulfonic acid. All three complexes have a net 
negative charge. With the electroosmotic flow minimized by the covalent bonding of 
polyacrylamide to the channel walls, negative potentials relative to ground are used to 
manipulate the complexes during sample loading and separation. In Figures 21(a) and 
21(b), the separation channel field strength is 870 and 720 V/cm. respectively, and the 

35 separation length is 16.5 mm. The volume of the injection plug is 120 pL which 
corresponds to 16. 7, and 19 fmol injected for Zn, Cd. and Al, respectively, for Figure 
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point d«U«bon whemc at distances of 6 mm and 8 mm from the in>«tion cross, or 1 mm 
upstream and 1 mm downstream from the mixing tee This provided information on the 
effects of the mixing of the two streams. 

The electric field strengths in the reagent cohimn and the separation 
column were approximately equal, and the field strength in the reaction column was 
twice that of the separation column. This configuration of the applied voltages allowed 
an approximately 1:1 volume ratio of derivatizing reagent and effluent from the 
separation column. As the field strengths increased, the degree of turbulence at the 
mixing tee increased. At the separation distance of 6 mm (lmn upstream from the 
mixing tee), the plate height as expected as the inverse of the linear velocity of the 
analyte. At the separation distance of 8 mm (1 mm upstream from the mixing tee), the 
plate height data decreased as expected as the inverse of the velocity of the analyze. At 
the separation distance of 8 mm (1 mm downstream from the mixing tec), the plate 
height data decreases from 140 V/cm to 280 V/cm to 1400 V/cm- This behavior is 
abnormal and demonstrates a band broadening phenomena when two streams of equal 
volumes converge. The geometry of the mixing tee was not optiirized to rrunimize this 
band distortion. Above separation field strength of 840 V/cm, the system stabilizes and 
again the plate height decreases with increasing linear velocity. For - 1400 V/cm. 
the ratio of the plate heights at the 8 mm and 6 mm separation lengths is 1.22 which is 
20 not an unacceptable loss in efficiency for the separation. 

The intensity of the fluorescence signal generated from the reaction of 
OPA with an amino acid was tested by continuously pumping glycine down the 
sepamwnchanndtoniixwifttheO^ The fluorescence signal from 

the OPA/amino add reaction was collected using a CCD as the product moved 
25 downstream from the mixing tee. Again, the relative volume ratio of the OPA and 
glycine streams was 1.125. OPA has a typical half-time of reaction with amino acids of 
4 s. The average residence t imes of an analyte molecule in the window of observation arc 
4 68 2 34. 1 17, and 0.58 s for the electric field strengths in the reaction column (U 
of 240 480. 960. and 1920 V/cm. respectively. The relative intensities of the 
30 fluorescence 'correspond qualitatively to this 4 s half-time of reaction. As the field 
strength increases in the reaction channel, the slope and maximum of the intensity of the 
fluorescence shifts further downstream because the glycine and OPA are swept away 
from the mixing tee faster with higher field strengths. Ideally, the observed fluorescence 
from the product would have a step function of a response following the mixing of the 
35 separation effluent and derivatizing reagent. However, the kinetics of the reaction and a 
finite rate of mhting dominated by diffusion prevent this from occurring. 
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The separation using the post-separation channel reactor employed a 
gated injection scheme in order to keep the analyte. buffer and regent streams isolated 
as discussed above with respect to Figure 3. For the post-separation channel reactions, 
the microchip was operated in a continuous analyte lauling/sepaiation mode whereby 
5 the analyte was continuously pumped from the analyte reservoir 12E through the 
injection intersection 40E toward the analyte waste reservoir 18E. Buffer was 
simultaneously pumped from the buffer reservoir 161 toward the analyte waste and 
waste reservoirs 18E, 20E to deflect the analyte stream and prevent the analyte from 
migrating down the separation channel. To inject a small aliquot of analyte, the 
10 potentials at the buffer and analyte waste reservoirs 16E, I8E are simply floated for a 
short period of time (MOO ms) to allow the analyte to migrate down the separation 
channel as an analyte injection plug. To break off the injection plug, the potentials at the 
buffer and analyte waste reservoirs 16E, 18E are reapplied 

The use of micromachined post-column reactors car. improve the power 
15 of post-separation channel reactions as an analytical tool by miniirizing the volume of 
the extra-channel plumbing, especially between the separation and reagent channels 34E, 
36E. This microchip design (Figure 22) was fabricated with modest lengths for the 
separation channel 34E (7 mm) and reagent channel 36E (10.8 mm) which were more 
than sufficient for this demonstration. Longer separation channels can be manufactured 
20 on a similar size microchip using a serpentine path to perform more difficult separations 
as discussed above with respect to Figure 12. To decrease post-niixing toe band 
distortions, the ratio of the channel dimensions between the separation channel 34E and 
reaction channel 56 should be minimized so that the electric field strength in the 
separation channel 34E is large, i.e.. narrow channel, and in the re? ction channel 56 is 
25 small, i.e., wide channel 

For capillary separation systems, the small detection volumes can limit the 
number of detection schemes that can be used to extract information. Fluorescence 
detection remains one of the most sensitive detection techniques for capillary 
electrophoresis. When incorporating fluorescence detection into a sjstem that docs not 
30 have naturally fluorescing analytes, dcrivatizalion of the analyte must occur either pre- or 
post-separation. When the fluorescent "tag" is short lived or the separation is hindered 
by pre-separation derealization, post-column addition of derivatizing reagent becomes 
the method of choice. A variety of post-separation reactors have been demonstrated for 
capillary electrophoresis. However, the ability to construct a post- separation reactor 
35 with extremely low volume connections to minimize band distortion has been difficult. 
The present invention takes the approach of fabricating a microchip device for 
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Instead of the post-separation channel reactor ocagn »» . 

10 ? T TneTl^chlber 42F was deigned to be wider than the separauon 

^lirn^ The reaction chamber is 96 ,m wide at haJf-depth and 
residence times for the reagen ^ fi 2 ^ 

6.2 jtm deep, and the separation channel 34F is 31 um ma 

15 deep " .-. v ^.tom 10F was used to perform on-line pre- 

The microchip laboratory system 10r wasu*» ^ 

. chamd action, coupled whh electrophoreuc analyse of the reaction 
T I^J^Z is operated continuously with small .Uquots introduced 
products. Here, the reactor is °P™" d discussed above 

Ration ctannel MF (300 v;cm fc ^ 

,5 ^^oohaa..o^J« ^ ^ ^ 14F „, 

the first reservoir 12F ana me 



WO 96/04547 



38 



PCI7US95/09492 



dectroosmoticaUy pumped into the reaction chamber 42F with a volumetric ratio of 
1:1.06. Therefore, the solutions front the anelyta and reagent rescivom 12F, 14F are 
diluted by a factor of- 2. Buffer was simultaneously pumped by eiectioosmosis from 
the buffer reservoir 16F toward the analyte waste and waste reservoirs 18F, 20F. This 
5 buffer swam prevents the newly formed product from bleeding mto the separation 
channel 34F. 

Preferably, a gated injection scheme, described above with respect to 
Figure 3, is used to inject effluent from the reaction chamber 42F into the separation 
channel 34T. The potential at the buffer reservoir 16F u simply floated for a brief period 
10 of time (0. 1 to 1 .0 s), and sample migrates into the separation channel 34F. To break off 
the injection plug, the potential at the buffi* reservoir 16F u reapplied. The length of 
the injection plug is a function of both the time of the injection and the electric field 
strength. With this configuration of applied potentials, the reaction of the amino acids 
with the OPA continuously generates fresh product to be analyzed. 
15 a significant shortcoming of many capillary electrop horesis experiments 

has been the poor reproducibility of the injections. Here, because the microchip injection 
process is computer controlled, and the injection process involves the opening of a single 
high voltage switch, the injections can be accurately timed events. Figure 26 shows the 
reproducibility of the amount injected (percent relative standard deviation, % rsd, for the 
20 integrated areas of the peaks) for both arginine and glycine at injection field strengths of 
0.6 and 1.2 kV/cm and injection times ranging from 0.1 to 1.0 s. For injection times 
greater than 0 J s, the percent relative standard deviation is below 1.8%. This is 
comparable to reported values for commercial, automated capil'ary electrophoresis 
instruments. However, injections made on the microchip are - 100 times smaller in 
25 volume, e.g. 100 pL on the microchip versus 10 nL on a commercial instrument. Part of 
this fluctuation is due to the stability of the laser which is * 0.6 %. 1'or injection times > 
0.3 s, the error appears to be independent of the compound injected and the injection 
field strength. 

Figure 27 shows the overlay of three electropho etic separations of 
30 arginine and glycine after on-microchip prc-column derivation with OPA with a 
separation field strength of 1.8 kV/cm and a separation length of 10 mm The separation 
field strength is the electric field strength in the separation channel 34F during the 
separation. The field strength in the reaction chamber 42F is 150 V/cm. The reaction 
times for the amuytes is inversely related to their mobilities. e.g., for arginine the reaction 
35 tiineU4.1sendforgrycinethereactiontm^^ The volumes ofthe injected plugs 

were 150 and 71 pL for arginine and glycine, respectively, which correspond to 35 and 
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a given reservoir. The field strength can be calculated from the ap?Ked voltage and the 
characteristics of the channel. In addition, the resistance or conductance of the fluid in 
the channels must also be known. 

The resistance of a channel is given by equation 2 where R is the 
resistance, k is the resistivity, Lis the length of the channel, and A is the cross-sectional 



10 fluids are usually characterized by conductance which is just the 

reciprocal 0 f the resistance as shown in equation 3. In equation K is the electrical 
conductance, p is the conductivity. A is the cross-sectional area, aid L is the length as 
above. 



20 



Using ohms law and equations 2 and 3 we can write the field strength in a 
given channel, i. in terms of the voltage drop across that channel divided by its length 
which is equal to the current, Ii through channel i times the resisiivity of that channel 
divided by the cross-sectional area as shown in equation 4. 

t, Ai «A 



Thus, if the channel is both dirnensionally and electrically characterized, 
the voltage drop across the channel or the current through the channel can be used to 
determine the solvent velocity or flow rate through that chanr.el as,, expressed in 
25 equation 5. It is also noted that fluid flow depends on the zeta potential of the surface 
and thus on the chemical make-ups of the fluid and surface. 



Vj « Ij * Flow 
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Obviously the conductivity, x, or the resistivity, p, will depend upon the 
characteristics of the solution which could vwy from channel to channel. In many CE 
applications the characteristics of the buffer will dominate the electrical charicteristtcs of 
the fluid, and thus the conductance will be constant. In the case of liquid 
chromatography where solvent programming is performed, the electrical charactenstics 
of the two mobile phases could differ considerably if a buffer is not used. During a 
solvent programming run where the mole fraction of the mixture is changing, the 
conductivity of the mixture may change in a nonlinear fashion but it will change 
monotonically from the conductivity of the one neat solvent to the other. The actual 
variation of the conductance with mole fraction depends on the dissociation constant of 
the solvent in addition to the conductivity of the individual ions. 

As described above, the device shown schematically in Figure 3 1 could be 
used for performing gradient eluuon liquid chromatography with post-column labeling 
for detection purposes, for example. Figure 31(a), 31(b), and 31(c) show the fluid flow 
15 requirements for carrying out the tasks involved m a fiquid chromatograplty cx|>eri 
as mentioned above. The arrows in the figures show the diiection and relative 
magnitude of the flow in the channels. In Figure 31(a). a volume of analyte from the 
analyte reservoir 16 is loaded into the separation intersection 40. To execute a pinched 
injection h is necessary to transport the sample from the analyte reservoir 16 across the 
20 intersection to the analyte waste reservoir 18. In addition, to confine the lanalyte 
volume, material from the separation channel 34 and the solvent ««ervoirs 12.14 must 
flow towards the intersection 40 as shown. The flow from the first reservoir 12 is much 
larger than that from the second reservoir 14 because these are the initial conditions for a 
gradient eluuon experiment. At the begirming of the gradient elution experiment, it is 
25 desirable to prevent the reagent in the reagent reservoir 22 from entering the separation 
channel 34. To prevent such reagent flow, a small flow of buffer from the waste 
reservoir 20 directed toward the reagent channel 36 is desirable and this flow should be 
as near to zero as possible. After a representative analyte volume is presented at the 
injection intersection 40, the separation can proceed. 
30 i„ Figure 31(b), the run (separation) mode is shown, solvents from 

reservoirs 12 and 14 flow through the intersection 40 and down the separation channel 
34 In addition, the solvents flow towards reservoirs 4 and 5 to make a clean injection of 
the analyte into the separation channel 34. Appropriate flow ofreaaent from the reagent 
reservoir 22 is also directed towards the separation channel. The initial condition as 
35 shown in Figure 3 1(b) is with a large mole fraction of solvent I and a small mole fraction 
of solvent 2. The voltages applied to the solvent reservoirs 12. 14 are changed as a 
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While advantageous embodiments have been chosen to illustrate the 
invention, it will be understood by those skilled in the art that various changes and 
modifications can be made therein without departing from the scope of the invention as 
defined in the appended claims. 
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Claims 

1. A microchip laboratory system for analyzing or synthesizing chemical 
material, comprising: 

a body having integrated channels connecting a plurality of reservoirs, wherein at 
least five of the reservoirs simultaneously have a controlled electrical potential associated 
therewith, such that material from at least one of the reservoirs is transported through the channels 
toward at least one of the other reservoirs to provide exposure to one or more selected chemical 
or physical environments, thereby resulting in the synthesis or analysis of the chemical material. 

2. The system of claim 1 wherein the material transported is a fluid. 

3. The system of claim 1, further comprising: 

a first intersection of channels connecting at least three of the reservoirs; and 
means for mixing materials from two of the reservoirs at the first intersection. 

4. The system of claim 3 wherein the mixing means includes means for 
producing an electrical potential at the first intersection that is less than the electrical potential at 
each of the two reservoirs from which the materials to be mixed originate. 

5. The system of claim 1, further comprising: 

a first intersection of channels connecting first, second, third, and fourth reservoirs; 

and 

means for controlling the volume of a first material transported from the first 
reservoir to the second reservoir through the first intersection by transporting a second material 
from the third reservoir through the first intersection. 

6. The system of claim 5 wherein the controlling means includes means for 
transporting the second material through the first intersection toward the second and fourth 
reservoirs. 

7. The system of claim 5 wherein the controlling means includes dispensing 
means for transporting the second material through the first intersection in a manner that prevents 
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the first material from moving through the first intersection toward the second reservoir after a 
selected volume of the first material has passed through the first intersection toward the second 
reservoir, 

8. The system of claim 5 wherein the controlling means includes diluting 
means for mixing the first and second materials in the first intersection in a manner that 
simultaneously transports the first and second materials from the first intersection toward the 
second reservoir. 

9. The system of claim 1 wherein the integrated channels include a first 
channel connecting first and second reservoirs, a second channel connecting third and fourth 
reservoirs in a manner that forms a first intersection with the first channel, and a third channel that 
connects a fifth reservoir with the second channel at a location between the first intersection and 
the fourth reservoir. 

10. The system of claim 9, further comprising: 

mixing means for mixing material from the fifth reservoir with material transported 
from the first intersection toward the fourth reservoir. 

1 1 . The system of claim 9 wherein the third channel crosses the second channel 
to form a second intersection, the system further comprising: 

a sixth reservoir connected to the second intersection by the third channel. 

12. The system of claim 1 1 , further comprising: 

means for transporting material from the fifth and sixth reservoirs to simultaneously 
move into the second intersection. 

13. The system of claim 12 wherein the transporting means transports the 
material from the fifth and sixth reservoirs through the second intersection toward the first 
intersection and toward the fourth reservoir after a selected volume of material from the first 
intersection is transported through the second intersection toward the fourth reservoir. 

14. A microchip flow control system, comprising: 

a body having integrated channels connecting at least four reservoirs, the channels 
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forming a first intersection wherein at least three of the reservoirs simultaneously have a controlled 
electrical potential associated therewith such that the volume of material transported from a first 
reservoir to a second reservoir through the first intersection is selectively controlled solely by the 
movement of a material from a third reservoir through the first intersection toward another 
reservoir. 

15. The system of claim 14 wherein the material transported is a fluid. 

16. The system of claim 14, further comprising: 

controlling means for transporting the second material from the third reservoir 
through the first intersection toward the second reservoir. 

17. The system of claim 16 wherein the controlling means includes dispensing 
means for transporting the second material through the first intersection in a manner that prevents 
the first material from moving through the first intersection toward the second reservoir after a 
selected volume of the first material has passed through the first intersection toward the second 
reservoir. 

18. The system of claim 16 wherein the controlling means includes diluting 
means for mixing the first and second materials in the first intersection in a manner that 
simultaneously transports the first and second materials from the first intersection toward the 
second reservoir. 

19. The system of claim 14 wherein the integrated channels include a first 
channel connecting the first and second reservoirs, a second channel connecting the third reservoir 
with a fourth reservoir in a manner that forms a first intersection with the first channel, and a third 
channel that connects a fifth reservoir with the second channel at a location between the first 
intersection and the fourth reservoir. 

20. The system of claim 19, further comprising: 

mixing means for mixing material from the fifth reservoir with material transported 
from the first intersection toward the fourth reservoir. 

21 . The system of claim 19 wherein the third channel crosses the second channel 
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at a second intersection, the system further comprising: 

a sixth reservoir connected to the second intersection by the third channel. 

22. The system of claim 21 , further comprising: 

means for transporting material from the fifth and sixth reservoirs to simultaneously 
move into the second intersection. 

23. The system of claim 21 , further comprising: 

means for transporting material from the fifth and sixth reservoirs through the 
second intersection toward the first intersection and toward the fourth reservoir after a selected 
volume of material from the first intersection is transported through the second intersection toward 
the fourth reservoir. 

24. A microflow control system, comprising: 

a body having integrated channels connecting at least four reservoirs, wherein first 
and second reservoirs of the four reservoirs contain first and second materials, respectively, a 
channel connecting the first reservoir and a third reservoir forming an intersection with a channel 
connecting the second and a fourth reservoir; and 

a voltage controller that: 

applies an electrical potential difference between the first reservoir and the 
third reservoir in a manner that transports a selected, variable volume of the first material from 
the first reservoir through the intersection toward the third reservoir; and 

after a selected time period, simultaneously applies an electrical potential 
to each of the four reservoirs in a manner that transports the second material from the second 
reservoir through the intersection toward the third reservoir and thereby inhibits movement of the 
first material through the intersection toward the third reservoir. 

25. A method of controlling the flow of material through an interconnected 
channel system having at least four reservoirs, wherein a first reservoir of the four reservoirs 
contains a first material, the interconnected channel system having integrated channels connecting 
the reservoirs, the channels forming an intersection, the method comprising: 

applying an electrical potential difference between the first reservoir and a third 
reservoir of the four reservoirs in a manner that transports a selected, variable volume of the first 
material from the first reservoir through the intersection toward the third reservoir; and 
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after a selected time period, simultaneously applying an electrical potential to each 
of the four reservoirs in a manner that inhibits the movement of the first material through the 
intersection toward the third reservoir. 
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FIG. 6 
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FIG. 8(c) 
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FIG. 9 
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FIG. IO 
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FIG. 12 
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FIG. 14 
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FIG. 17(a) 
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FIG. 19 
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FIG. 25 
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FIG. 26 
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